, ubiquitous in the environment at 10-100-µM levels, is potentially toxic to cells because at these concentrations it inhibits phosphoryl-transfer enzymes essential for energy production and nucleic acid synthesis (Adamek et al., 2005; Breaker, 2012) . F  is a threat to unicellular organisms in particular because they are directly exposed to it, in contrast to animals, whose excretory epithelia do not transport this halide into the bloodstream. Accordingly, plasma membranes of many bacteria, yeasts, and protozoa carry F  exporter proteins to maintain cytoplasmic F  below inhibitory concentrations (Breaker, 2012; Stockbridge et al., 2012 Stockbridge et al., , 2013 Li et al., 2013) . In the absence of such proteins, these microorganisms become hypersensitive to F  , an effect exacerbated by low extracellular pH. Two phylogenetically unrelated classes of F  exporters were recently identified: an exclusively prokaryotic clade of F  /H + antiporters of the CLC anion-transporter superfamily and the "Fluc" family of F  -specific ion channels, also found in eukaryotes. These F  exporters can be considered analogous to the widespread multidrug resistance transporters that protect all organisms from natural organic xenobiotics and man-made drugs. F  /H + antiporters, like multidrug resistance pumps, use energy sources (proton gradients or ATP hydrolysis) to drive thermodynamically uphill efflux of unwanted substrates. But how do Fluc ion channels, which can mediate only passive, downhill F  movement, export the anion to resist environmental stress?
At the present, early stage of F  membrane biology research, this question has been answered only with a hypothesis: Fluc F  channels are used to undermine the Correspondence to Christopher Miller: c m i l l e r @ b r a n d e i s . e d u weak acid accumulation, or "ion trapping," effect that would otherwise concentrate F  in the cytoplasm far above its extracellular concentration (Marquis et al., 2003; Breaker, 2012; Li et al., 2013; Stockbridge et al., 2013) . This effect arises because HF is both a weak acid (pKa = 3.4) and a membrane-permeant molecule (Fig. 1) . Without any F  anion exit pathway in the plasma membrane, a microorganism that finds itself in an acidic niche will accumulate intracellular F  according to the transmembrane proton gradient:
According to this mechanism, in a hypoxic milieu of pH 5.5, for example, a bacterium lacking F  exporters, when experiencing mild acid stress, with pH 7.0 cytoplasm (Wilks and Slonczewski, 2007) , would accumulate the anion 30-fold into the millimolar range, where enzyme inhibition would be severe. Fluc channels would prevent this concentrative uptake from occurring by permitting the anion to exit the cell down its electrochemical gradient. Although this idea rests on a rigorous thermodynamic argument, it calls out for experimental tests along the lines of those recently shown qualitatively in Fluc-knockout yeast (Li et al., 2013 Fluoride ion (F  ) is a ubiquitous environmental threat to microorganisms, which have evolved a family of highly selective "Fluc" F  channels that export this inhibitory anion from their cytoplasm. It is unclear, however, how a thermodynamically passive mechanism like an ion channel can protect against high concentrations of external F  . We monitored external F  concentrations in Escherichia coli suspensions and showed that, in bacteria lacking Fluc, F  accumulates when the external medium is acidified, as a predicted function of the transmembrane pH gradient. This weak acid accumulation effect, which results from the high pKa (3.4) and membrane permeability of HF, is abolished by Fluc channels. We also found that, although bacterial growth is inhibited by high concentrations of F  , bacteria can withstand cytoplasmic F  at levels a hundred times higher than those that inhibit proliferation, resuming growth when the F  challenge is removed.
Fluoride sensitivity growth assays for wild-type (strain BW25113) and Fluc-deleted (Fluc; kan r ) E. coli strains have been described previously (Breaker, 2012; Stockbridge et al., 2012) . E. coli strains do not possess CLC F F  /H + antiporters. For F  uptake experiments, bacteria were grown to stationary phase in LB, pelleted, and resuspended in recording medium (150 mM NaCl, 0.1-1.3 mM NaF, 10 mM KP i , and 10 mM MES, pH 7.0). F  uptake was continuously monitored in a 2-ml stirred cell as a loss of F  from the extracellular recording medium, using an F  -specific electrode, as previously described for liposome suspensions (Stockbridge et al., 2013) . We found empirically that 20-30 min was sufficient for the F  response to level off to a steady state. Intracellular F  concentration was estimated from the loss of extracellular anion followed electrochemically after an acid pulse, equivalent to the F  taken into the cytoplasmic volume, 0.8-1.0 fl/cell water, given the cell density (cells/ml). Cytoplasmic water content was determined as described previously (Stock et al., 1977 (Kubitschek and Friske, 1986; Volkmer and Heinemann, 2011) . The Fluc knockout strain of E. coli was provided by R.R. Breaker (Yale University, New Haven, CT).
R E S U L T S
In previous work, a Fluc-knockout (Fluc) strain of E. coli was shown to be hypersensitive to F  , as assessed by growth in pH-neutral media, and this effect could be reversed by expressing F  exporters in the bacteria with a rescue plasmid (Breaker, 2012; Stockbridge et al., 2012) . The iontrapping effect predicts that the F  sensitivity of such bacteria should intensify as the growth medium is acidified, i.e., as the HF concentration in the medium increases at a given concentration of total fluoride. This prediction is confirmed in F  sensitivity experiments run at varying pH (Fig. 2) . Although wild-type E. coli withstands F  in all conditions tested, growth inhibition of Fluc bacteria appears at progressively lower F  concentrations as pH is lowered from 7.0 to 5.0. However, this acid-enhanced sensitivity to F  might merely reflect a greater cellular susceptibility to two separate, independent stresses rather than to the intimate linkage between F  and pH that defines the weak acid accumulation effect.
The central prediction of this effect is that F  should become concentrated in the cytoplasm as extracellular pH is lowered according to Eq. 1. This is readily tested by equilibrating the bacteria with F  at pH 7.0 and then acidifying the medium; under such conditions, F  transport into the bacteria should ensue, an expectation verified in Fig. 3 A. Bacteria were suspended in pH 7.0 media containing 0.5 mM F  , and extracellular F  concentration was continuously monitored electrochemically. We also show that although F  accumulation stops growth of Fluc-knockout cells, it does not kill them; instead, it puts them into a quiescent condition from which they rapidly recover when F  is subsequently removed. is lowered (Fig. 3 B) , again as expected. A further prediction is that the amount of F  transported in response to acidification should increase with extracellular F  concentration, as is also observed (Fig. 3 C) .
The F  uptake results above are qualitative. To test the ion-trapping mechanism quantitatively, the acid-induced Upon acidification to pH 5.5, extracellular F  immediately begins to drop in Fluc suspensions, indicating uptake of the halide into these bacteria over and above the initial equilibrated concentration. No such F  uptake is observed with wild-type bacteria. Moreover, F  uptake into Fluc bacteria increases as extracellular pH The solid line is a fit to the data with slope of 54, corresponding to a transmembrane pH differential of 1.7 units. F  uptake was determined as in Fig 3. Each point shows mean (±SEM) of three independent measurements. Internal pH was assumed to remain constant at 7.0.
address the question of whether bacteria are killed by such F  exposure. The experiments of Fig. 5 show that the bacteria are not killed, but merely stalled. Here, Fluc cells are grown at pH 7.0 for 3 h, at which time the cells are pelleted, washed, and resuspended at pH 7.0 or 5.5 with 0.5 mM F  added to the medium, an insult which stops growth immediately in both pH conditions. After 2 h, the cells are washed free of F  , and growth resumes after a pH-dependent lag. At pH 7.0, where cytoplasmic F  is low (0.5 mM), no lag is observed, but at pH 5.5, where intracellular F  has accumulated to 15 mM, a lag of roughly 30 min is necessary for full recovery of growth rate. The ability of the Fluc cells to hunker down and wait out a long-term F  challenge is further illustrated in Fig. 6 . Here, stationary-state cells are exposed to 0.5 mM F  at pH 7.0 or 5.5 for 2-26 h, after which time survivors are counted by growth of colonies on F  -free plates. Survival of all cells, wild-type and Fluc, is close to 100% for both pH conditions. These results with E. coli are in harmony with a recent report (Li et al., 2013 ) that long-term exposure of several yeast species to F  prevents growth at 10 mM but does not kill the cells until concentrations as high as 0.1-0.2 M are used.
D I S C U S S I O N
The experiments here are aimed at a counterintuitive solution to the problem of environmental F  toxicity that many microorganisms have reached: the use of an ion channel, instead of an energy-consuming pump, as an exporter for cytoplasmic F  . Though thermodynamically passive, Fluc-type F  channels act to keep cytoplasmic F  below extracellular concentrations and below levels that loss of extracellular F  is used to estimate the absolute concentration in the bacterial cytoplasm. In these experiments (Fig. 4) , Fluc bacteria exposed to a pH drop are allowed to take up F  for 20-30 min to reach steady-state, while extracellular F  concentration is monitored. The cells are then harvested and cytoplasmic F  concentration is estimated. The results agree precisely with the ion-trapping mechanism. The ratio of cytoplasmic to extracellular F  is numerically equal to the extracellular to cytoplasmic proton activity ratio over two orders of magnitude (Fig. 4 A) , assuming that cytoplasmic pH is regulated near neutrality under these conditions, as has been long known to be the case (Slonczewski et al., 1981; Zilberstein et al., 1984; Wilks and Slonczewski, 2007) . Furthermore, at a fixed pH gradient, cytoplasmic F  concentration varies linearly with extracellular F  , also as predicted (Fig. 4 B) . The slope of the linear fit is equivalent to a pH gradient of 1.7 units, which is in good agreement with the value (1.8 units) under the assumption that cytoplasmic pH remains constant at 7.0 under these conditions.
The aforementioned results verify the idea that HF acts as a membrane-permeant weak acid to deliver F  anion to the bacterial cytoplasm and trap it there at high concentrations, thus preventing growth. However, they do not Figure 5 . F  exposure during bacterial growth. Fluc E. coli in log-phase growth was treated with 0.5 mM NaF at the indicated pH. After 2 h, the F  was washed away, the pH was returned to 7.0, and optical density of the culture was monitored. Dashed curve is control without F  exposure. Figure 6 . Bacterial survival after F  exposure. Wild-type or Fluc E. coli culture was incubated with 0.5 mM NaF at the indicated pH for the indicated time. Afterward, cells were plated on neutral-pH LB plates, and colonies were counted after 16 h. The number of colonies was normalized against a wild-type culture that was not treated with F  (dashed line indicates 1.4 × 10 9 CFU/ml). Points represent means ± SEM of three independent measurements. would otherwise inhibit metabolism. At first glance, we might expect that an ion channel would work against this purpose by ushering extracellular F  into the cell rather than out of it. But two physiological circumstances common to most microorganisms operate so that these channels provide a net export pathway for the anion. First, nearly all cells maintain negative membrane potentials, and these can be quite large for bacteria and yeast under energy-using conditions. For a bacterial cell with a 100-mV potential, the equilibrium level of cytoplasmic F  would be 50-fold lower than the extracellular concentration, i.e., <1 µM (far below inhibitory levels; Adamek et al., 2005) . Second, an ion channel would be of particular utility for a microorganism haunting diverse niches through its life cycle and encountering a weakly acidic environment. In such a case, any organism without an F  permeability pathway would necessarily concentrate the halide in its cytoplasm far above the extracellular concentration via the weak acid accumulation effect. An F  channel present in the cell membrane would abolish this effect by collapsing the F  gradient, exporting the anion to its low equilibrium level.
It is now firmly established that Fluc proteins are F  -specific ion channels that protect E. coli and yeasts from F  toxicity (Baker et al., 2012; Stockbridge et al., 2012 Stockbridge et al., , 2013 Li et al., 2013) . But the relevance of the weak acid accumulation mechanism to F  toxicity and Fluc function has not been previously examined. These experiments demonstrate quantitatively that Fluc channels are required to counteract cytoplasmic F  accumulation driven by pH gradients across the bacterial inner membrane set up by mild acidification of the growth medium, a condition which mimics environments that microorganisms sporadically encounter.
These experiments also bear upon the question of Fluc channels as novel targets for antibiotics (Li et al., 2013; Nelson et al., 2014) . A Fluc-directed antibiotic would not by itself be bacteriocidal. Instead, by shutting down Fluc channels of a pathogenic bacterium or fungus, it could retard growth, but eliminating the stalled organism would require cooperation of the host's immune system. Moreover, for such a drug to be effective, co-administration of F  would be necessary, perhaps along with a lowered pH of the infected region. Such maneuvers are straightforward in the laboratory, but would call for clever bioengineering in clinical applications.
